Object&r. This study was conducted to validate the hypothesis that the product of QRS voltage and duration, as an approximation of the time-voltage area of the QRS complex, can improve the electrocardiographic (ECG) detection of echocardiographicaiiy determined left ventricular hypertrophy and to further assess the relative contribution of QRS duration to the ECG detection of hypertrophy.
Object&r. This study was conducted to validate the hypothesis that the product of QRS voltage and duration, as an approximation of the time-voltage area of the QRS complex, can improve the electrocardiographic (ECG) detection of echocardiographicaiiy determined left ventricular hypertrophy and to further assess the relative contribution of QRS duration to the ECG detection of hypertrophy.
&c&round. The ECG identification of left ventricular hyper- ResuUs. In a stepwise logistic regression mode! that also included Cornell voltage, Sokolow-Lyon voltage, age and gender, Standard 1Zlead electrocardiography remains the most widely used initial screening test for the noninvasive detection of left ventricular hypertrophy, However, electrocardiographic (ECG) criteria based onlv on QRS voltage have exhibited poor sensitivity for left ventricular hypertrophy at the high levels of specificity necessary for adequate clinical utility (l-6), and more complex ECG scores that incorporate QRS duration, repclarization abnormalities, P wave findings and demographic variables in multivariate regression equations or as linear scores have only marginally improved the overall accuracy of the ECG for identification of increased left ventricular mass (1,2,7-10). Nonetheless, the increased cardiac morbidity and mortality associated with the presence of echocardiographiFrom the Division of Cardiology, Department of Medicine, The New York Hospital-ComeU Medical Center, New York, New York. This study was supported in part by Grants f-IL18323 and HL47540 from the National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland.
Manuscript tally detected left ventricular hypertrophy (11-13) make the accurate and cost-effective identification of left ventricular hypertrophy a clinical priority (14) . Increased left ventricular mass has been associated separatelywith increased QRS amplitude and duration (l-9, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and with an increased time-voltage integral of the QRS complex (23) (24) (25) (26) . It has recently been demonstrated (22) that the simple product of QRS duration and voltage, as an approximation of the time-voltage area under the QRS complex. can signdticantly improve the ECG identification of left ventricular hypertrophy as defined at autopsy. The present study was conducted to test these simple voltage-duration product criteria for the identification of increased left ventricular mass detected by echocardiography in living subjects and to examine further the relative contribution of QRS duration to the ECG detection of left ventricular hypertrophy. Electrocardiography. Standard 12~lead ECGs were recorded at 25 mm/s and 1 mV/cm standardization with equipment whose frequency response characteristics met recommendations of the American Heart Association (27) . All ECGs were digitized at 250 or 500 Hz, and all measurements were performed by computer from median complexes with verification by a single investigator who had no knowledge of calculated left ventricular mass; QRS duration was measured by computer to the nearest 2 ms, and QRS amplitudes were measured to the nearest microvolt.
Methods
Several widely used ECG criteria for the detection of left ventricular hypertrophy were examined. These included QRS duration; the amplitude of the R wave in lead aVL; GubnerUngerleider voltage (sum of the amplitude of R wave in lead I and the amplitude of the S wave in lead III) (16); SokolowLyon voltage (sum of amplitude of the S wave in lead V, and the R wave in lead V, or V,) (10); gender-specific Cornell voltage (sum of the amplitude of the R wave in lead aVL and the amplitude of the S wave in lead V,, adjusted by the addition of 800 FV for female gender) (2,22); the sum of QRS voltage in all 12 leads (28); the Romhilt-Estes point score (29), a complex ECG crirerion for left ventricular hypertrophy based on a weighted score that incorporates QRS duration, QRS voltages, QRS axis, repolarization changes and P wave abnormalities; and the Sokolow-Lyon score, a grading system of from 0 to 4 based on the presence of abnormal voltage alone (grade l), abnormal voltage and low-amplitude T waves (<lo% of the R waves, grade 2), abnormal voltage and biphasic T waves (grade 3) or abnormal voltage and inverted T waves (grade 4) (10,15). A volrage-duration product was calculated ior each simple voltage criterion as the product of QRS duration and voltage (22) .
Echocardiography. All subjects underwent standard Mmode and two-dimensional echocardiography performed by a skilled research technician using a commercially available echocardiograph equipped with 2.5-and 3.5-MHz imaging transducers. Left ventricular dimensions were obtained from two-dimensionally guided M-mode tracings according to the recommendations of the American Society of Echocardiogra- (36) . Receiver operating characteristic curves were generated using maximal likelihood estimation techniques (36) and were compared statistically by means of a univariate z score test of the difference between the areas under two performance curves (36) .
The relation between ECG and demographic variables and indexed left ventricular mass was evaluated by linear regression; independence of association was assessed by stepwise multiple regression, with the contribution of individual variables reported as the partial R'. The relation between ECG and demographic variables and the presence or absence of left ventricular hypertrophy was assessed by stepwise logistic regression analysis. For all tests, p < On5 was required for rejection of the nu!l hypothesis.
Resdtr
Relation of ECG and demographic criteria to left ventricular mass index and left ventricular hypertrophy. The univariate linear correlates of ECG and demographic variables with left ventricular mass index are shown in Table 1 . There were modest relations between indexed left ventricular mass and QRS duration or voltage criteria alone and only a minimal relation between left ventricular mass index and age or body surface area. Of note, correlation with left ventricular mass index was improved by the product of QRS duration with each of the simple voltage criteria. In a multivdriate analysis that excluded the voltage--duration products, QRS duration remained an independent predictor of indexed left ventricular mass (partial R' = 0.08, p < 0.0001) along with Sokolow-Lyon voltage, Cornell voltage and age (Table 2) . When QRS duration, voltages, age, gender and body surface area wtire entered into a stepwise logistic regression model for the prediction of left ventricular hypertrophy (Table 3) , QRS duration was a strong predictor of left ventricular hypertrophv in the present population (chi.square = 26.9, p < 0.0001).
Electrocardiographic identification of left ventricular by pertrophy. Relative performance of ECG criteria for the identification of left ventricular hypertrophy and the effect of the simple product of QRS duration with voltage on test performance are examined in Table 4 and Figures 1 to 4 . At matched specificity of 960/o, individual QRS voltage and duration criteria had only moderate sensitivity for left ventricular hypertrophy, ranging from 20% for the R wave amplitude in lead aVL to 43% for Sokolow-Lyon voltage and the 12-lead sum of voltage. Test sensitivity of the 1Ziead sum of voltage was enhanced by multiplication by QRS duration; at matched sp+cificity of 96%, the 12-lead voltage-duration product ident&cd left ventricular hypertrophy with a sensitivity of 50% (58 of 116), which was significantly higher than the sensitivity of either QRS duration (27%) or 12.lead SL;X i43%) criteria alone. Relative to simple voltage criter&, test sensitivity of Cornell voltage, Gubner-Ungerleider voltage and the amplitude of the R wave in Isad aVL were also !mproved by creation of a voltage-duration product, but there was no significant improvement in sensitivity with the Sokolow-Lyon voltageduration product. Comparison of receiver operating characteristic Lclrves confirmed that the superior performance of the IZlead product (Fig. 1) and Cornell product (Fig. 2) relative to simple voltage and QRS duration was independent of partition value selection. In addition, overall performance of the Sokolow-Lyon prodi;ct was also significantly greater than that of simple QRS duration or Sokolow-Lyon voltage alone (Fig.  3) because of greater increments in sensitivity of the SokolowLyon product at levels of specificity lower than 96% (Table 4) .
The performance of the 12-lead voltage-duration product relative to complex electrocardiographic criteria that incorporate QRS voltages, QRS duration, repolarization changes, P wave abnormalities and demographic variables is examined in Figure: 4. At matched specificity of 96%, the 50% sensitivity of the 12-lead product for the detection of left ventricular hypertrophy was significantly greater than the 29% to 45% sensitivity of the other voltage-duration products, than the 20% sensitivity of a Romhilt-Estes point score >4, than the 35% sensitivity of a Sokolow-Lyon score >l+ and even than the 33% sensitivity of the best-fit lug&tic regression model ( Table 3 ) that was derived in the present popuiation. Comparlson of receiver opera@ characteristic curves confirmed the superior overall performance of the 1Zlead product relative to the Romhilt-Estes point score and the logistic regtessioq (Fig. 4) , both of which include QRS duration as part of the weighted scores. The relation of test sensitivity of electrocardiographic criteria to the severity of left ventricular hypertrophy is examined in Table 5 . When patients with hyperttophy were classified according to v,hether indexed left ventricular mass was higher or lower than the median value (152.8 g/m'), sensitivity of the 1Zlead ,Iroduct was significantly higher, and there was a trend t!>ward higher sensitivity for the other electrocardiographic criteria among patients with more severe left ventricular hypertrophy. 
Discussion
Improved ECG sensitivity for left ventricular hpgertrophy.
Although the standard 1Zlead ECG remains the most widely utilized initial diagnostic test in the screening process for left ventricular hypertrophy, the relatively poor sensitivity of both simple and complex ECG criteria for left ventricular hy-pertrophy has limited the clinical utility and cost-effectiveness of the ECG (14) . In a previous study (22) in which autopsy determination of left ventricular mass in highly selected patients was used as the reference standard, we found that the simple product of several standard voltage criteria with QRS duration could improve the ECG identification of left ventricular hy pertrophy. Results of the present study confirm this finding in living subjects, using echocardiographically measured left ventricular mass index as the reference standard (31) (32) (33) in an ambulatory cohort representative of clinically normal subjects and of patients with hypertecsive or valvular heart disease. The voltage-duration p:oduct approximates the rrecise time-voltage integral of the QRS (22, 26) . Observations that the time-voltage integral of the orthogonal lead vectorcardiographic QRS complex and the time-strength left ventricular dipole derived from the K&lead multiple dipole ECG can improve ECG correlation with indexed left ventricular mass (17) (18) (19) (20) (23) (24) (25) (26) suggest that an ECG representation of the time-voltage integral of ventricular s&&ion should more accurately reflect the presence of left ventricular hypertrophy than scores that sum QRS voltage and duration. The present study supports this conclusion. Because even a simple approximation of the time-voltage area of the QRS complex can improve the ECG identification of left ventricular hypertrophy relative to criteria incorporating both QRS voltages and dura- angle theory f37), is a highly specific but pooriy $ettSiiivc finding in left ventricular hypertrophy (l-6). Increased QRS duration has also been found to correlate with the presence of left ventricular hypertrophy (17) (18) (19) (20) (21) (22) (23) (24) 38) . Potential mechanisms underlying the QRS prolongation associated with left ventricular hypertrophy include the longer time requiu,d to activate myocardium that is increasingly distant from specialized conduction tissue (l&38), decreased conduction velocity in hypertrophied myocardium (39) , and changes in activation sequence or changes in the relative conductivity of fibrotic intracellular and extracellular spaces (17, 40, 41) . However, QRS duration alone has also proved to be poorly sensitive for left vemricular hypertrophy at clinically relevant levels of specificity (22) . The low sensitivity of Cornell voltage criteria relative to the sensitivity of both the 1Zlead sum and Sokolow-Lyon criteria stands in contrast to previous reports from our laboratory (1,2,22), which were based on study patients v+9;:h a high prevalence of concentric rather than eccentric geometric forms of left ventricular hypertrophy. The lower accuracy of Cornell voltage in the present study is most likely explained by the high proportion of patients with djlated left ventricles and eccentric left ventricular hypertrophy in the current population and reflects the recognized relatively lower overall performance of Cornell criteria in this particular form of cardiac enlargement (42). Attempts to increase sensitivity of the ECG for the identification of left vrrtri,:&* I< .'A hypertrophy by combining QRS durationand voltages with additional electrocardiographic and demographic variables into complex linear scores have only modestly improved performance of the ECG for the detection of left ventricular hypertrophy (l-9). The present study demonstrates similarly modest improvements in ECG accuracy for left ventricular hypertrophy when QRS duration and voltages are combined in a logistic score. However, QRS duration appears to correlate more strongly with indexed left ventricular mass in a multivariate regression analysis than was found in a recent analysis of the Framingham population (9), with QRS duration adding an 8% increase in the coefficient determination (R') in the current study compared with only 1% to 3% increases in the Framingham population (9).
Clinical implications. The present study suggests tha: the simple product of QRS voltage and duration can significantly improve sensitivity of the ECG identification of left ventricular hypertrophy at acceptably high levels of specificity, enhancing the clinical utility of the ECG as the initial screening test for the detection of left ventricular hypertrophy. Because the voltage-duration product can be readily calculated by most commercially available ECG systems and can be easily calculated even in the absence of computer-measured QRS duration and voltage, this method is readily implemented in most physicians' practices. These findings further suggest that more accurate determination of the true time-voltage integral of individual QRS complexes may further enhance the ECG recognition of left ventricular hypertrophy.
The partitions derived in the current patient cohort without echocardiographic left ventricular hypertrophy compare favorably with partitions derived from 125 autopsied patients without left ventricular hypertrophy in a previous study (22) . The slightly higher partitions found in the present study reflect the slightly higher specificity (96% vs. 95%), the use of percentile estimation to derive the partitions and the use of computerized measurements throughout the current study and may additionally be related to both differences in the left ventricular mass indexes used to define left ventricular hypertrophy and differences in the study patients (22) . Further validation of these methods and partitions in larger, more heterogeneous patient groups, including patients with bundle branch blocks, will be necessary.
